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(57) ABSTRACT

A drive system for a compressor of a chiller system 1ncludes
a variable speed drive. The variable speed drive 1s arranged to
receive an input AC voltage at a fixed AC mput voltage and
provide an output AC power at a variable voltage and variable
frequency. The variable speed drive includes a converter con-
nected to an AC power source providing the input AC voltage.
The converter 1s arranged to convert the input AC voltage to a
DC voltage. A DC link 1s connected to the converter. The DC
link filters and stores the DC voltage from the converter. An
iverter 1s connected to the DC link. A motor connectable to
the compressor for powering the compressor. An active filter
connected 1n parallel with the motor. The active filter 1s
arranged to generate high frequency currents having a mag-
nitude and opposite polarity, with respect to the output AC
power of the variable speed drive. The high frequency cur-
rents generated by active filter substantially cancel out high

frequency currents flowing into the motor.

19 Claims, 6 Drawing Sheets
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VARIABLE SPEED DRIVE FOR PERMANENT
MAGNET MOTOR

This patent application claims the benefit of U.S. Provi-
sional Patent Application No. 61/102,687, filed Oct. 3, 2008,

entitled PERMANENT MAGNET MOTOR DRIVE AND
CONTROLLER, for which priority 1s claimed and the dis-

closure of which 1s hereby incorporated by reference.

BACKGROUND

The application generally relates to a variable speed drive
for a permanent magnet motor. The application relates more
specifically to a variable speed drive (VSD) with an active
filter for cancelling switching harmonics, and controlling a
permanent magnet motor for powering a compressor 1n heat-
ing, ventilation, air conditioning and refrigeration
(HVAC&R) systems.

Currently VSDs are used to power a variety ol motor types
in HVAC&R systems. Common types of motors that are used
for HVAC&R applications include induction motors,
switched reluctance motors, and other synchronous and DC
motors capable of handling the torque and speed ranges in
such HVAC&R systems.

Permanent magnet synchronous motors (PMSM) are of
particular interest for use as traction motors 1n electric vehicle
designs due to their higher efficiency and higher power den-
sity as compared to regular DC motors and AC induction
motors. PMSM motors typically operate with a permanent
magnet rotor. A permanent magnet rotor may be configured
with surface mounted permanent magnets or with interior
permanent magnets having different arrangements. The
PMSM is arotating electric machine 1n which the stator might
be similar to a stator of an induction motor and the rotor has
surface-mounted or interior permanent magnets. However, a
totally different stator design for a PMSM 1s possible and a
stator design optimization is necessary even though the stator
topology might be stmilar to an induction machine. The use of
a permanent magnet to generate a substantial air gap magnetic
flux makes 1t possible to design highly etficient PMSMs.

A PMSM that 1s driven by a sinusoidal current 1s referred to
as a PMSM while, a PMSM that 1s driven by a rectangular
120° electrical phase-current waveform 1s can be referred to
as a brushless dc (BLDC) machine. The rotor structure of the
PMSM and BLDC might be the same such as surface-
mounted permanent magnet rotor. Both the PMSM and
BLDC are driven by currents coupled with the given rotor
position. The angle between the generated stator flux linkage
and the rotor tlux linkage, which 1s generated by a rotor
magnet, defines the torque, and thus speed, of the motor. Both
the magnitude of the stator flux linkage and the angle between
the stator tlux linkage and rotor flux linkage are controllable
to maximize the torque or minimize the losses. To maximize
the performance of PMSM and ensure the system stability,
the motor requires a power electronics converter for proper
operation.

For a three-phase PMSM, a standard three-phase power
output stage 1s used, which 1s the same power stage that 1s
used for AC induction motors. The power stage utilizes six
power transistors with independent switching. The power
transistors are switched in the complementary mode. The
fundamental sine wave output 1s generated using a PWM
technique.

To absorb harmonics created by high frequency switching
of power electronic devices such as insulated gate bipolar
transistors (IGBTs), the VSD 14 must include an electrical
filter or filters. Passive filters connected at the output of aVSD
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can be used to absorb switching frequency harmonics, as well
as for providing power factor correction at the VSD output.
The geometry of such passive output filters 1s required to be
very large because they draw a significant fundamental fre-
quency reactive current.

Heretofore PMSM motors and their associated VSDs have
been limited 1n their application in commercial and industrial
scale HVAC&R systems, largely due to factors relating to
relatively low performance requirements from old HVAC&R
systems, higher system cost, and complicated control system
design.

SUMMARY

The present invention relates to a drive system for a com-
pressor of a chiller system. The drive system includes a vari-
able speed drive. The variable speed drive 1s arranged to
receive an mput AC voltage at a fixed AC mnput voltage and
provide an output AC power at a variable voltage and variable
frequency. The variable speed drive includes a converter con-
nected to an AC power source providing the input AC voltage.
The converter 1s arranged to convert the input AC voltage to a
DC voltage. A DC link 1s connected to the converter. The DC
link filters and stores the DC voltage from the converter. An
inverter 1s connected to the DC link. A motor connectable to
the compressor for powering the compressor. An active filter
connected 1n parallel with the motor. The active filter 1s
arranged to generate high frequency currents having a mag-
nitude and opposite polarity, with respect to the output AC
power ol the variable speed drive. The high frequency cur-
rents generated by active filter substantially cancel out high
frequency currents flowing into the motor.

The present invention also relates to a drive system for a
compressor of a chiller system. The drive system includes a
variable speed drive. The vaniable speed drive 1s arranged to
receive an input AC voltage at a fixed AC mput voltage and
provide an output AC power at a variable voltage and variable
frequency. The variable speed drive includes a converter con-
nected to an AC power source providing the input AC voltage.
The converter 1s arranged to convert the input AC voltage to a
DC voltage. A DC link 1s connected to the converter. The DC
link 1s arranged to filter and store the DC voltage from the
converter. An inverter 1s connected to the DC link. A motor 1s
connectable to the compressor for powering the compressor.
An active filter 1s connected 1n parallel with the motor. The
active filter 1s arranged to generate high frequency currents
having a magnitude and opposite polarity, with respect to the
output AC power of the varniable speed drive, to cancel a
portion of high frequency currents generated in the output AC
power. A passive filter connected between the variable speed
drive and the motor. The passive filter 1s arranged to absorb at
least a portion of the high frequency currents generated
remaining in the output AC power following cancellation by
the active filter.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows an exemplary embodiment of a Heating,
Ventilation, Air Conditioning and Refrigeration (HVAC&R)
system 1n a commercial environment.

FIG. 2 schematically illustrates an exemplary embodiment
of vapor compression system that may be used in the exem-
plary embodiment of FIG. 1.

FIG. 3 shows an exemplary embodiment of a varniable
speed drive (VSD) mounted on a vapor compression system.

FIG. 4 1s an exemplary schematic diagram of a permanent
magnet synchronous motor.
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FIG. 5 1s an exemplary schematic diagram of the rotor of an
internal PMSM (IPM).

FIG. 6 1s an exemplary embodiment of an active filter
implemented with the VSD and PMSM.

FIG. 6 A shows a set of current waveforms related to the
active filter shown 1n FIG. 6.

FIG. 7 1s an exemplary embodiment of an active filter and
passive filter arrangement implemented with the VSD and
PMSM.

FIG. 7A shows a set of current wavetforms related to the
active filter and passive filter arrangement shown 1n FIG. 7.

DETAILED DESCRIPTION OF TH
EXEMPLARY EMBODIMENTS

(Ll

FIG. 1 shows an exemplary environment for a Heating,
Ventilating, Air Conditioning system (HVAC system) 11 in a
building 12 for a commercial setting. HVAC system 11 may
include a compressor mcorporated into a vapor compression
system 14 that can supply a chilled liquid that may be used to
cool building 12. HVAC system 11 can also include a boiler
16 used to heat building 12, and an air distribution system that
circulates air through building 12. The air distribution system
can 1include an air return duct 19, an air supply duct 27 and an
air handler 23. Air handler 23 can include a heat exchanger
that 1s connected to boiler 16 and vapor compression system
14 by conduits 21. The heat exchanger 1n air handler 23 may
receive either heated liquid from boiler 16 or chilled liquid
from vapor compression system 14, depending on the mode
of operation of HVAC system 11. HVAC system 11 1s shown
with a separate air handler on each floor of building 12, but 1t
will be appreciated that these components may be shared
between or among floors.

FI1G. 2 1llustrates generally an exemplary configuration of
a vapor compression system 14 with a variable speed drive
(VSD) 26 that may be used 1n building 12 in FIG. 1. An AC
power source 38 supplies AC power to VSD 26, which 1n turn,
supplies AC power to a motor, for example, PMSM 36. In
another embodiment, VSD 26 can power more than one
motor. PMSM 36 1s used to drive a corresponding compressor
28 of vapor compression system 14. Vapor compression sys-
tem 14 includes compressor 28, a condenser 30, a water
chuller or evaporator 32, and a control panel 35. The compres-
sor 28, condenser 30 and evaporator 32 are connected 1n a
closed refrigerant loop. AC power source 38 provides single
phase or multi-phase (e.g., three phase), fixed voltage, and
fixed frequency AC power to VSD 26 from an AC power grid
or distribution system that i1s present at a site. AC power
source 38 can supply a three phase AC voltage or nominal line
voltage of 200V, 230V, 380V, 460V, or 600V, at a nominal
line frequency of 50 Hz or 60 Hz to VSD 26 depending on the
corresponding AC power grid. It 1s to be understood that AC
power source 38 can provide any suitable fixed nominal line
voltage or fixed nominal line frequency to VSD 26 depending,
on the configuration of the AC power grid. In addition, a
particular site can have multiple AC power grids that can
satisiy different line voltage and line frequency requirements.
For example, a site may have a 230 VAC power grid to handle
certain applications and a 460 VAC power grid to handle other
applications.

VSD 26 recerves AC power having a particular fixed line
voltage and fixed line frequency from AC power source and
provides AC power to PMSM 36 at a desired voltage and
desired frequency, both of which can be varied to satisty
particular requirements. VSD 26 may include the ability to
provide AC power to the PMSM 36 having higher voltages
and frequencies or lower voltages and frequencies than the
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fixed voltage and fixed frequency received from AC power
source 38. PMSM 36 may have a predetermined rated voltage
and frequency that 1s greater than the fixed AC mput voltage
and frequency, however the rated motor voltage and ire-
quency may also be equal to or lower than the fixed AC 1nput
voltage and frequency.

VSD 26 may be, for example, a vector-type drive or a
variable-voltage, vanable frequency (VVVF) drive. Control
panel 35 can include a variety of different components, such
as an analog to digital (A/D) converter, a microprocessor, a
non-volatile memory, and an interface board, to control
operation of system 14. Control panel 35 can also be used to
control the operation of VSD 26, and motor 36.

Compressor 28 compresses a refrigerant vapor and delivers
the vapor to condenser 30 through a discharge line. Compres-
sor 28 can be, for example, a screw compressor, a centrifugal
Compressor, a reciprocating compressor, a scroll compressor,
or any other suitable type of compressor. The refrigerant
vapor delivered by compressor 28 to condenser 30 enters into
a heat exchange relationship with a tluid, for example, air or
water, and undergoes a phase change to a refrigerant liquid as
a result of the heat exchange relationship with the fluid. The
condensed liquid refrigerant from condenser 30 flows
through an expansion device (not shown) to evaporator 32.

Evaporator 32 may include connections for a supply line
and a return line of a cooling load. A process fluid, for
example, water, ethylene glycol, calcium chloride brine or
sodium chloride brine, travels into evaporator 32 via return
line and exits evaporator 32 via supply line. The liquid refrig-
crant in evaporator 32 enters 1into a heat exchange relationship
with the process fluid to lower the temperature of the process
fluid. The refrigerant liquid 1n evaporator 32 undergoes a
phase change to a refrigerant vapor as a result of the heat
exchange relationship with the process fluid. The vapor
refrigerant in evaporator 32 exits evaporator 32 and returns to
compressor 28 by a suction line to complete the cycle.

FIG. 3 shows an exemplary vapor compression system of

an HVAC&R system. The VSD 26 can be mounted on top of

the evaporator 32, and adjacent to motor 36. Motor 36 may be
mounted on condenser 30 on the opposite side of evaporator

32. Output wiring (not shown) from VSD 26 1s connected to
motor leads (not shown) for motor 36, to power motor 36,
which drives compressor 28.

Referring to FIG. 4, an exemplary PMSM 36 1ncludes a
stator portion 22. The stator portion 22 can be configured
substantially similar to a stator of a conventional induction
motor. Stator portion 22 includes a plurality of windings 24
disposed 1n slots 25 defined by a plurality of teeth 17, sym-
metrically distributed about an 1nside radius of stator portion
22 adjacent to a rotor portion 20. Rotor portion 20 1s disposed
axially concentrically with and inside stator portion 22, rotor
portion 20 and stator portion 22 separated by an air gap 18.
Rotor portion 20 may include a cylindrical steel rotor frame or
cage 31 with a plurality of permanent magnets 34 arranged
peripherally onrotor cage 31. Permanent magnets 34 produce
a magnetic field 1n air gap 18.

Permanent magnets 34 may be arranged to provide multiple
pole arrangements, for example 2-pole or 4-pole, 1n rotor
portion 20. Permanent magnets 34 may be adhesively aflixed
to cage 32, and are enveloped by a sleeve 29 to maintain
permanent magnets 34 on cage 31 when centrifugal forces act
on rotor portion 20 during rotation of PMSM 36. Sleeve 29
may be constructed of carbon fiber tubular sheet material,
stainless steel or other similarly flexible, high strength, mag-
netically non-permeable material. Air gap 18 1s small relative
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to an effective air gap g shown between opposing arrows 44,
46. Eftective air gap g includes the height h of permanent
magnets 34 and sleeve 29.

In another exemplary embodiment, PMSM 36 may be con-
figured as an 1internal permanent magnet motor (IPM). FIG. 5
illustrates schematically an exemplary IPM rotor 42. The
IPM 42 includes permanent magnets 34 implanted within
rotor portion 20, rather than being mounted on the surface of
rotor portion 20.

PMSMs with surface permanent magnets often use a
sleeve, made of non-conductive material (e.g. carbon fiber),
to encapsulate and retain the magnets and hold the rotor
together against the effects of centrifugal force. Such sleeves
are good thermal insulators, and therefore cause any heat
developed 1nside the rotor to substantially remain 1nside the
rotor, thus elevating the rotor operating temperature. Elevated
temperatures can be harmiul to PMSM, causing de-magneti-
zation of permanent magnets and general deterioration of the
materials used in the machine’s construction. The heat devel-
oped 1n the rotor 1s, to a large extent, due to the harmonics
present 1n the wavetform of motor’s stator current. The major-
ity of these harmonics are frequencies that are multiples of
PWM switching frequency used for the inverter of VSD 26.

It 1s therefore preferable to design an output filter which
will filter switching frequency harmonics only (no fundamen-
tal, 1.e. no power factor correction). This can be a simple
second-order LC filter, whose break frequency 1s somewhere
between the maximum fundamental output frequency and the
switching frequency of the mverter of VSD 26. However,
even this kind of filter may still contribute significantly to the
cost and volume o VSD 26. One novel solution 1s to provide
an active filter 60 (FIG. 6) that 1s configured to capture the
current harmonics at PWM and higher frequencies. Active
filter 60 1s mmplemented with very fast semiconductors
(MOSFETSs or equivalent devices), and switches at a very
high switching frequency, at least an order of magmtude
higher than the switching frequency of the mverter of VSD
26. Active filter 60 operates as a parallel active filter. Active
filter 60 1s connected 1n parallel to PMSM, and generates high
frequency currents which are of the same magnitude, but
opposite polarity, with respect to the high frequency currents
generated by the output of VSD 26. The high frequency
currents generated by active filter 60 cause the cancellation of
high frequency currents flowing in PMSM windings, thus
mimmizing the heating effects on the rotor.

Referring to FIG. 6 A, three wavetorms, 1., 64,1 ,- 66 and
I, 1, 68 are shown to indicate corresponding currents I,
64,1,-66and]l,,,.,,0681ndicated in the circuit of F1G. 6. 15
64 represents the output current waveform of VSD 26. As
illustrated 1n FIG. 6A, I, 64 includes a fundamental peri-
odic sinewave of period t1, with a ripple current 65 superim-
posed thereon. Ripple current 65 has a frequency that 1s a
harmonic of the PWM switching frequency. The curve for 1 , -
66, indicated below 1., 64 1n FIG. 6 A, represents the output
current of active filter 60. I, 66 1s essentially ripple current
65, shifted 180 degrees out of phase with respect to I ,,. 66,
such that the combination of the two currents will result 1n
cancellation of substantially all of npple current 65 from
I;.H, resulting i current waveform 1,,,.,, at the input to
PMSM 36. 1., .., may include minor distortion in the sinu-
so1dal current wavetorm, but 1s substantially free of harmonic
currents.

Referring next to FIGS. 7 and 7A, 1n another exemplary
embodiment, active filter 60 may be combined with a passive
LC filter 62. In this embodiment, active filter 60 cancels a
portion of the high frequency currents generated by VSD 26
(e.g., currents at switching frequency and twice the switching
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frequency), while most of the remaining high frequency cur-
rents generated by VSD 26 would be absorbed by passive LC
filter 62. The combination of active filter 60 and passive filter
62 may result 1n an optimum cost and components size
rations, 1.¢., active components vs. passive components, for
an HVACR system. The sequence of the placement of active
and passive filters can function in alternate arrangements. In
other words, active filter 60 may be located 1n the circuit
betore passive filter 62, or passive filter 62 may be located
betore active filter 60.

FIG. 7A illustrates the wavetorms, I,.., 64,1 ,,.66,1,, ..,
68 and I, 70 flowing 1n the circuit of FIG. 7. I, 64 includes
a Tundamental periodic sinewave of period t1, with a ripple
current 635 superimposed therecon. Ripple current 63 has a
frequency that 1s a harmonic of the switching frequency. The
curve for 1, 66, indicated below 1., 64 1n FIG. 7A, repre-
sents the output current of active filter 60. In the example of
FIG. 7, IAF 66 1s a current wavelorm which 1s the opposite of
only some of the harmonics present in ripple current 65, such
that when 1~ and I, are combined, ripple current 65 1s
reduced but not substantially eliminated. The resultant cur-
rent waveform of combining I,- and I, tlows through
inductors L 1n series with PMSM 36. 1, , shown beneath I , -~ 1n
FIG. 7A, 1s still partially distorted due to a portion of ripple
current 65 being present after combining I,- and I;....
Capacitors C 1n passive filter 62 filter the higher frequency
harmonic currents present in I, resulting in current wavetform
15,01, 08 at the 1nput to PMSM 36. 1,,,.,, 68 may include
minor distortion in the sinusoidal current wavetorm, but 1s
substantially free of harmonic currents.

While only certain features and embodiments of the inven-
tion have been 1llustrated and described, many modifications
and changes may occur to those skilled in the art (for example,
variations 1n sizes, dimensions, structures, shapes and pro-
portions of the various elements, values of parameters (for
example, temperatures, pressures, etc.), mounting arrange-
ments, use of materials, colors, orientations, etc.) without
materially departing from the novel teachings and advantages
of the subject matter recited in the claims. It 1s, therefore, to be
understood that the appended claims are intended to cover all
such modifications and changes as fall within the true spirit of
the invention. Furthermore, 1n an effort to provide a concise
description of the exemplary embodiments, all features of an
actual 1implementation may not have been described (i.e.,
those unrelated to the presently contemplated best mode of
carrying out the invention, or those unrelated to enabling the
claimed mvention). It should be appreciated that in the devel-
opment of any such actual implementation, as 1n any engi-
neering or design project, numerous implementation specific
decisions may be made. Such a development effort might be
complex and time consuming, but would nevertheless be a
routine undertaking of design, fabrication, and manufacture
for those of ordinary skill having the benefit of this disclosure,
without undue experimentation.

What 1s claimed 1s:

1. A drive system for a compressor of a chiller system, the

drive system comprising;

a variable speed drive, the vanable speed drive being con-
figured to receive an input AC voltage at a fixed AC 1input
voltage and provide an output AC power at a variable
voltage and variable frequency, the variable speed drive
comprising:

a converter connected to an AC power source providing
the imnput AC voltage, the converter being configured
to convert the input AC voltage to a DC voltage;
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a DC link connected to the converter, the DC link being
configured to filter and store the DC voltage from the
converter; and

at least one 1nverter connected to the DC link;

a motor connectable to the compressor for powering the
compressor; and

an active filter connected between the at least one inverter
and the motor, the active filter configured to generate
high frequency currents having a magnitude and oppo-
site polarity, with respect to the output AC power of the
variable speed drive, the high frequency currents gener-
ated by active filter substantially cancelling high fre-
quency currents tlowing into the motor.

2. The drive system of claim 1, wherein the motor 1s a

permanent magnet synchronous motor.

3. The dnive system of claim 2, wherein the permanent
magnet synchronous motor further comprises a plurality of
permanent magnets arranged in multiple pole arrangements
in a rotor portion.

4. The drive system of claim 3, wherein the plurality of
permanent magnets being adhesively affixed to a rotor cage,
the plurality of permanent magnets enveloped by a sleeve
portion to maintain the plurality of permanent magnets on the
rotor cage when centrifugal forces act on rotor portion during
rotation.

5. The drive system of claim 4, wherein the rotor cage is a
cylindrical steel rotor cage.

6. The drive system of claim 4, wherein the sleeve portion
comprises a flexible, high strength, magnetically non-perme-
able matenal.

7. The drive system of claim 6, wherein the matenal 1s
carbon fiber tubular sheet material or stainless steel.

8. A drive system for a compressor of a chiller system, the
drive system comprising:

a variable speed drive, the variable speed drive being con-
figured to recerve an mput AC voltage at a fixed AC input
voltage and provide an output AC power at a variable
voltage and variable frequency, the variable speed drive
comprising;

a converter connected to an AC power source providing
the mput AC voltage, the converter being configured
to convert the input AC voltage to a DC voltage;

a DC link connected to the converter, the DC link being
configured to filter and store the DC voltage from the
converter; and

at least one 1nverter connected to the DC link;

a motor connectable to the compressor for powering the
compressor; and

an active filter connected between the at least on nverter
and the motor, the active filter configured to generate
high frequency currents having a magnitude and oppo-
site polarity, with respect to the output AC power of the
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variable speed drive to cancel a portion of high fre-
quency currents generated 1n the output AC power;

a passive lilter connected between the variable speed drive
and the motor, the passive filter configured to absorb at
least a portion of the high frequency currents generated
remaining 1n the output AC power following cancella-
tion by the active filter.

9. The drive system of claim 8, wherein the passive filter 1s
an LC filter comprising at least one inductor and at least one
capacitor, the at least one inductor connected 1n series with
the motor and the at least one capacitor connected in parallel
with the at least one inductor and the motor.

10. The drive system of claim 8, wherein the high fre-
quency currents generated in the active filter are limited to
currents at switching frequency and twice the switching fre-
quency.

11. The drive system of claim 8, wherein the passive filter
1s connected between variable speed drive and the active filter.

12. The drive system of claim 8, wherein the passive filter
1s connected between the active filter and the motor.

13. The drive system of claim 8, wherein an output current
of the variable speed drive comprises a fundamental periodic
sinewave having a ripple current superimposed thereon, the
ripple current comprising a harmonic of the switching fre-
quency; and wherein an output current of the active filter,
when combined with the output current reduces a portion of
the ripple current and a resultant current waveform flows
through the at least one inductor; the at least one capacitors in
passive filter configured to filter higher frequency harmonic
currents flowing in the at least one inductor to substantially
remove any remaining harmonic currents present in the
resultant current wavetform.

14. The drive system of claim 8, wherein the motor 1s a
permanent magnet synchronous motor.

15. The drnive system of claim 14, wherein the permanent
magnet synchronous motor further comprises a plurality of
permanent magnets arranged in multiple pole arrangements
in a rotor portion.

16. The drive system of claim 15, wherein the plurality of
permanent magnets being adhesively affixed to a rotor cage,
the plurality of permanent magnets enveloped by a sleeve
portion to maintain the plurality of permanent magnets on the
rotor cage when centrifugal forces act on rotor portion during
rotation.

17. The drive system of claim 16, wherein the rotor cage 1s
a cylindrical steel rotor cage.

18. The drive system of claim 16, wherein the sleeve por-
tion comprises a flexible, high strength, magnetically non-
permeable matenal.

19. The drive system of claim 18, wherein the material 1s
carbon fiber tubular sheet material or stainless steel.
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